ABSTRACT: Pigs fed protein-bound AA appear to have a higher abundance of AA transporters for their absorption in the jejunum compared with the duodenum. However, there is limited data about the effect of dietary free AA, readily available in the duodenum, on the duodenal abundance of AA transporters and its impact on pig performance. Forty-eight pigs (24.3 kg initial BW) distributed in 4 treatments were used to evaluate the effect of the CP level and form (free vs. protein bound) in which AA are added to diets on the expression of AA transporters in the 3 small intestine segments, serum concentration of AA, and performance. Dietary treatments based on wheat and soybean meal (SBM) were 1) low-CP (14%) diet supplemented with l-Lys, l-Thr, dlMet, l-Leu, l-Ile, l-Val, l-His, l-Trp, and l-Phe (LPAA); 2) as in the LPAA but with added l-Gly as a N source (LPAA+N); 3) intermediate CP content (16%) supplemented with l-Lys HCl, l-Thr, and dl-Met (MPAA); and 4) high-CP (22%) diet (HP) without free AA. At the end of the experiment, 8 pigs from LPAA and HP were sacrificed to collect intestinal mucosa and blood samples and to dissect the carcasses. There were no differences in ADG, ADFI, G:F, and weights of carcass components and some visceral organs between treatments. Weights of the large intestine and kidney were higher in HP pigs (P < 0.01). Expression of b 0,+ in the duodenum was higher in pigs fed the LPAA compared with the HP diet (P = 0.036) but there was no difference in the jejunum and ileum. In the ileum, y + L expression tended to be higher in pigs fed the LPAA diet (P = 0.098). Expression of b 0,+ in LPAA pigs did not differ between the duodenum and the jejunum, but in HP pigs, the expression of all AA transporters was higher in the jejunum than in the duodenum or ileum (P < 0.05). The serum concentration of Arg, His, Ile, Leu, Phe, and Val was higher but serum Lys and Met were lower in pigs fed the HP diet (P < 0.05). These results indicate that LPAA can substitute up to 8 percentage units of protein in HP wheat-SBM diets without affecting pig performance; nonessential N does not seem to be limiting in very low-protein wheat-SBM diets for growing pigs. Also, the inclusion of free AA in the diet appears to affect their serum concentration and the expression of the AA transporter b0,+ in the duodenum of pigs.
INTRODUCTION
Feeding low-CP diets supplemented with free AA to pigs has become a common practice because of their improved AA profile and reduced N excretion (Carter et al., 1996) . These diets contain both free AA available for absorption in the duodenum and protein-bound AA that need to be released before their absorption. Low-CP diets contain high levels of free Lys but no free neutral AA. Lysine is absorbed via the AA transporter b 0,+ (Majumder et al., 2009 ) and y+ L (Broer, 2008) in exchange for neutral AA, especially Leu. System B 0 is the major neutral AA transporter . Pigs fed protein-bound AA are expected to have higher abundance of AA transporters in the jejunum, but there is no available data about the expression of AA transporters in the duodenum of pigs fed both free and protein-bound AA.
Reduced performance and high carcass fat content are observed in pigs when the CP level is reduced by 4 or more percentage units in diets, which led to one or more AA become limiting (Tuitoek et al., 1997; Yue and Qiao, 2008 ). The energy system (ME vs. NE) used for diet formulation (Noblet et al., 1994) , energy (Kerr et al., 2003) , and nonessential N content (Kendall et al., 2004) , and the AA profile may be responsible for this poor performance. Currently, 5 free essential AA are available, which facilitate the improvement of the AA profile but also will further decrease, to limiting levels, the dietary content of total N and nonessential AA.
We hypothesized that free AA stimulate the expression of AA transporters in the duodenum affecting the absorption and serum concentration of AA and that performance and body composition of pigs fed ad libitum low-CP AA-fortified or HP diets formulated for similar NE content and ideal protein concept will not differ. The expression of AA transporters, performance, and carcass and body composition of pigs fed reduced CP diets supplemented with free AA or a high-CP diet with no supplemental free AA were analyzed in this study.
MATERIALS AND METHODS

Animals, Housing, and Dietary Treatments
The pigs used in this experiment were cared for in accordance with the guidelines established in the official Mexican regulations on animal care (Ochoa, 2001) . Forty-eight crossbred pigs (Large White × Duroc) with initial BW of 24.3 ± 1.0 kg were randomly assigned to 4 dietary treatments during a 21-d growth trial. There were 12 pig replicates (5 barrows and 7 gilts). The initial BW was balanced across treatments. Pigs were individually housed in raised-floor metabolism pens (1.2 m wide, 1.2 m long, and 1.0 m high) equipped with a nipple water drinker and iron mesh floor in a temperature-controlled room (22-24°C). All pigs had ad libitum access to the feed and water. Pigs were weighed every week and feed disappearance from the feeder was measured with the same frequency. The ADG, ADFI, and G:F were calculated on a weekly basis. The average BW of pigs at the end of the trial was 39.8 ± 1.3 kg.
The pigs were randomly assigned to 1 of 4 diets (Table 1) based on wheat and soybean meal (SBM) as follows: 1) low-CP (14%) diet supplemented with l-Lys, l-Thr, dl-Met, l-Leu, l-Ile, l-Val, l-His, l-Trp, and lPhe (LPAA); 2) as in the LPAA but with added l-Gly as a N source (LPAA+N); 3) intermediate CP content (16%) supplemented with l-Lys HCl, l-Thr, and dl-Met (MPAA); and 4) high-CP (22%) diet (HP) without free AA. The HP diet was formulated to meet the standardized ileal digestible (SID) requirement of Lys for pigs within the range of 25 to 50 kg (NRC, 2012) . The MPAA and LPAA diets were formulated to the optimal ratio for the first 3 and 9 limiting AA, respectively. The analyzed AA content (Table 2 ) and the published SID coefficients in wheat and SBM (Stein et al., 2001) were used in the formulation of all diets; free AA were considered 100% SID. The SBM content in the LPAA, MPAA, and HP diets were 4, 13, and 30%, respectively. The LPAA diet contained approximately 35% protein-bound Lys and 65% free Lys whereas the HP diet contained 100% protein-bound Lys. The LPAA and HP diets were included to test the hypothesis that pigs fed a low-protein, AA-supplemented, wheat-SBM diet formulated to be very close to the ideal protein (NRC, 2012; only Arg was slightly in excess in the LPAA diet) perform similarly to those fed a high-protein, AA-imbalanced diet. The MPAA diet was included because l-Lys HCl, l-Thr, and dl-Met are the most easily available free AA in the market. The diet LPAA+N was included to test the hypothesis that nonessential N or Gly in the LPAA diet limits pig performance; according to Rees et al. (1992) , Gly is a good source of nonessential N for the synthesis of nonessential AA. All diets were supplemented with a mineral-vitamin premix to meet or exceed their requirements for growing pigs (NRC, 2012) and contained 10.2 MJ NE/kg.
Carcass Dissection and Tissue and Blood Collection
At the end of the experiment, 8 pigs from each of treatments LPAA and HP were randomly selected for carcass dissection and tissue sample collection. These pigs were fed their corresponding meals on d 21 after 11 h of fasting; 2.5 h after that meal, all pigs were euthanized by electrical stunning and exsanguination. The carcasses were immediately eviscerated and mucosal samples scratched from the duodenum, middle jejunum, and ileum (approximately 0.5 g) were collected into 2-mL micro tubes to analyze the abundance of mRNA coding for AA transporters and the serum concentration of AA. All samples were immediately frozen in liquid nitrogen and stored at -82°C until analysis. The total collection process took no longer than 8 min to maximize the quality of the extracted RNA. Blood samples (approximately 10 mL) from the carotid artery of each pig were collected by venipuncture right before euthanasia to analyze the serum concentration of free AA at the absorptive state. Immediately after collection, the blood samples were centrifuged at 1,500 × g at 4°C for 10 min to separate serum from blood cells and stored at -20°C until analysis.
The weights of the stomach, small and large intestines, liver, heart, kidneys, and spleen of these pigs were recorded. Catabolism of excess AA in HP diets (mainly Arg, Ile, Leu, Phe, and Trp) may affect also the weight of specific organs (Yen, 1997) . The right half carcass of each pig was completely dissected after being stored at 2 to 4°C for 24 h. Separate weights of the loin muscle, leg muscles, remaining muscles, total muscle, and total fat tissue were recorded. Also, 3 pigs were sacrificed at the beginning of the experiment and their carcasses were processed in a way similar to those sacrificed at the end of the experiment to determine the average gain of lean tissue and muscle protein. The protein content in the muscles of all pigs was analyzed (method 984.13; AOAC, 2006) . The daily gain of muscle weight and daily protein accumulation were comparatively estimated based on the initial and final carcass contents.
Total RNA Extraction and Purification
The samples of intestinal mucosa were treated to extract total RNA by pulverization into liquid N and homogenized into Trizol reagent (Invitrogen Corp., Carlsbad, CA) as reported by Méndez et al. (2011) . Purified RNA was eluted with 30 μL of ribonuclease-free distilled water and stored at -82°C. The total RNA concentration was determined spectrophotometrically (Helios β; Thermo Electron Co., Rochester, NY) at 260 nm, and purity of RNA was assessed by using the A260:A280 ratio, which ranged from 1.8 to 2.0 (Sambrook and Russell, 2001 ). The integrity of total RNA was evaluated by gel electrophoresis on 1% agarose gels. All RNA samples had good quality with a 28S:18S rRNA ratio around 2.0:1.0 (Sambrook and Russell, 2001 ).
Reverse Transcription and Quantitative PCR
Approximately 2 μg of total RNA was treated with 1 unit of deoxyribonuclease I (Thermo Scientific, Inc., Carlsbad, CA) and 6 μL of 5x reverse transcription buffer in a 30-μL reaction completed with nuclease-free water (Thermo Scientific, Inc.); the reaction was performed during 15 min at room temperature and another 15 min at 70°C to stop the reaction. The reverse transcription was initiated with deoxyribonuclease-treated RNA samples, adding 1 μL of random primers (150 ng/ μL; Invitrogen Corp.) and 1 μL of deoxyribonucleotide triphosphates solution (10 μM each). The reaction was incubated for 5 min at room temperature and then chilled on ice for 1 min. Three microliters of nucleasefree water, 1 μL of ribonuclease inhibitor (40 units/μL; RiboLock; Thermo Scientific, Inc.), and 2 μL of 5x reverse transcription buffer were added to the reaction and incubated at 42°C for 2 min to stabilize the reaction before adding 1 μL of reverse transcriptase enzyme (200 units/μL; RevertAid H Minus; Thermo Scientific, Inc.). The reverse transcription reaction was incubated at 42°C for 50 min and at 70°C for 15 min and then chilled on ice to stop the reaction. Complementary DNA samples were quantified spectrophotometrically and diluted into a final concentration of 50 ng/μL. Specific primers for b 0,+ (SLC7A9), y + L (SLC3A2/ SLC7A7), B 0 (SLC6A19), and the 18S rRNA were designed according to their published sequences at the Genbank (Table 3) . A housekeeping 18S rRNA (GenBank AY265350) was used as an endogenous control to normalize variations in mRNA. Before starting, end point PCR was performed to standardize amplification conditions for each pair of primers, and to confirm the specificity of the PCR products related to its mRNA, a sample of every PCR product was sequenced at the Davis Sequencing Facility (Davis, CA). The sequencing results revealed that the products for b 0,+ , y+ L, B 0 , and 18S rRNA have 100% homology with their corresponding expected sequences acquired from the virtual template sequences reported in the GenBank.
The expression of genes (relative mRNA abundance) coding for b 0,+ , y + L, and B 0 were estimated by quantitative PCR (qPCR) assays, using the Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific, Inc.) into a Chromo 4-DNA Engine with the MJ Opticon Monitor 3.1 software (Bio-Rad, Herefordshire, England). The equipment was calibrated with a standard curve using the 18S rRNA cloned into a TOPO vector 4.0, from which a calibrator's cDNA was produced. Relative standard curve methods for each specific mRNA were obtained using known concentrations of five 100-fold serial dilutions of the cDNA, and the linear range for target mRNA quantification was established. The reactions for qPCR contained 50 ng of cDNA, 0.5 μM of each specific primer, 12.5 μL of 2x SYBR green/ROX qPCR Master Mix, and nuclease-free water to complete a final volume of 25 μL. The PCR conditions used for the amplification and quantification were an initial denaturing stage (95°C for 1 min) followed by 45 cycles of amplification (denaturing at 95°C for 30 s, annealing at 56°C for 15 s, and extension at 72°C for 30 s) and a melting curve program (60 to 90°C). Fluorescence was measured at the end of every cycle and every 0.2°C during the melting program. The relative mRNA abundance was normalized to the relative 18S abundance by calculating the mRNA:18S relative abundance ratios (Liao et al., 2009 ).
Analyses of AA in the Diets and Free AA in Serum
The analyses of AA were performed at the lab of Evonik Industries AG, Hanau-Wolfgang, Germany. Dietary concentrations of all AA, except for Trp and Tyr, were determined by ion-exchange chromatography with postcolumn derivatization with ninhydrin. Amino acids were oxidized with performic acid, which was neutralized with sodium metabisulfite (Llames and Fontaine, 1994; Commission Directive, 1998; . The AA were liberated from the protein by hydrolysis with 6 N HCL for 24 h at 110°C and quantified with the internal standard by measuring the absorption of reaction products with ninhydrin at 570 nm. Tryptophan was determined by HPLC with fluorescence detection (extinction 280 nm and emission 356 nm), after alkaline hydrolysis with barium hydroxide octahydrate for 20 h at 110°C (Commission Directive, 1998; . Tyrosine was not determined.
The serum concentration of free AA was determined by ion-exchange chromatography using a Biochrom 20 amino acid analyzer lithium column (Biochrom Ltd., Cambridge, UK) and lithium buffers. The AA were determined after dissolving the freezedried serum samples and carrying out protein precipitation with sulfosalicylic acid and centrifugation (30 min at 10 000 turns/min; temperature 20-25°C). The AA were quantified using the internal standard norleucine by measuring the absorption of reaction products with ninhydrin at 570 and 440 nm.
Statistical Analysis
Data analyses of performance variables (ADG, ADFI, and G:F) and carcass composition were performed using the GLM of SAS (Statistical Analysis System 9.1; SAS Inst. Inc., Cary, NC). The following contrasts were constructed to test the effects of dietary AA form, CP level, and nonessential N supplementation on performance: contrast 1 (C 1 ), LPAA vs. LPAA+N; contrast 2 (C 2 ), LPAA vs. MPAA; and contrast 3 (C 3 ), LPAA vs. HP. The treatment means of carcass composition were compared by the use of the following contrasts: C 1 , LPAA vs. MPAA, and C 2 , LPAA vs. HP. As for the molecular variables (gene expression and serum concentration of AA), statistical analyses of the data from treatments LPAA and HP were performed by independent-sample t tests using SAS (Statistical Analysis System 9.1; SAS Inst. Inc.). Probability levels of P ≤ 0.05 and 0.05 < P ≤ 0.10 were defined as significant differences and tendencies, respectively.
RESULTS
Growth Performance
The growth performance results are presented in Table 4 . The initial and final BW of pigs were 24.3 and 39.9 kg for LPAA, 24.4 and 39.8 kg for LPAA+N, 24.1 and 39.8 kg for MPAA, and 24.3 and 39.2 kg HP, respectively. There was no effect of the dietary CP content or the form (free vs. protein bound) in which AA were added to the diet on the ADG, ADFI, or G:F ratio (P > 0.10). The supplementation of nonessential N (Gly) to the low-CP, AA-supplemented diet did not affect those performance variables (P > 0.10).
Weight of Carcass Components and Organs
The weight of carcass components in pigs at the start of the experiment were 10.1 kg for whole carcass, 3.30 kg for bone in leg, 2.55 kg for leg muscles, 1.40 kg for loin muscles, 7.85 kg total muscle, and 0.53 kg total fat tissue. These values were used to estimate the initial weight of carcass components. The final weight and relative content of the carcass components are shown in Table 5 . There was no effect of dietary treatment on the weight of whole carcass and separate carcass components (P ≥ 0.632); the relative content was not affected either (P ≥ 0.499). The average daily weight gain of whole carcass and its components (Table 6) was not affected by the dietary treatment (P ≥ 0.414). Based on the analyzed protein content in muscle (20.5%), the average daily protein accretion rate was not affected by the dietary treatment (P = 0.529). The weights of the gastrointestinal tract organs as well as liver, kidney, heart, and spleen (Table 7) were not different between pigs fed the LPAA or the MPAA diets (P ≥ 0.294). However, the weights of large intestine (P = 0.001) and kidney (P = 0.005) were higher and that of spleen tended to be smaller (P = 0.073) in pigs fed the HP diet than those fed the LPAA. Similarly, the relative weight (% of BW) of the large intestine (P = 0.001), kidney (P = 0.009), and stomach (P = 0.050) were higher in pigs fed the HP diet compared with those fed the LPAA.
Gene Expression
The expression values of genes coding for 2 cationic (b 0,+ [SLC7A9] and y + l [SLC7A7]) and 1 neutral (B 0 [SLC6A19]) AA transporters in the small intestine of pigs fed the LPAA or the HP diet are presented in Table 8 . The expression of b 0 ,+ was higher (P = 0.036) in the duodenum of pigs fed the LPAA diet but it was not different in the jejunum and ileum (P > 0.10). No difference in expression of y+ L was observed in the duodenum and jejunum (P > 0.10), but in the ileum, the expression tended to be higher in pigs fed the LPAA diet (P = 0.098). Expression of the neutral AA transporter B 0 was not different between pigs fed either the LPAA or the HP diet in any of the 3 small intestine segments (P > 0.10).
The relative expression of AA transporters in the jejunum, compared with that in the duodenum and ileum, is presented in Fig. 1 . In pigs fed the LPAA diet, expression of b 0 ,+ in the jejunum was not different from that in the duodenum or ileum (P > 0.10). But in pigs fed the HP diet, the expression of b 0,+ in the jejunum was higher compared with that in the duodenum (P < 0.05) or ileum (P < 0.01). The expression of y + L in the jejunum of pigs fed the LPAA diet tended (P < 0.10) to be higher compared with the duodenum but it did not differ when compared with the ileum (P > 0.10). In pigs fed the HP diet, expression of y + L in the jejunum was higher compared with that in the duodenum or ileum (P < 0.05). The expression of B 0 in the jejunum was higher (P < 0.05) compared with that in the duodenum or ileum, regardless the dietary treatment.
Serum AA Concentration
The postprandial serum concentration of free essential and nonessential AA in pigs fed the LPAA or the HP diet is presented in Table 9 . Serum Arg (P = 0.037), His (P = 0.015), Ile (P = 0.007), Leu (P = 0.024), Phe (P = 0.006), and Val (P = 0.017) were higher in pigs fed the HP diet. In contrast, serum Lys (P < 0.001) and Met (P = 0.003) were higher in pigs fed the LPAA diet. The serum concentration of Thr did not differ between dietary treatments (P = 0.678). Regarding the nonessential AA, serum Glu was lower (P < 0.05), Asp and Ser were higher (P < 0.01), and Gln tended to be lower (P < 0.10) in pigs fed the HP diet; no difference in the serum concentration of Ala, Asp, Gly, and Pro was observed (P > 0.10).
DISCUSSION
The majority of AA are usually released from proteins in the jejunum; hence, this intestinal segment is the site where most of the AA absorption takes place (Silk et al., 1985) . Accordingly, the abundance of AA transporter is expected to be higher in the mucosa of the jejunum compared with that of the duodenum and ileum when pigs are fed diets containing mostly protein-bound AA. In the present study, the LPAA diet was supplemented with almost all AA (except for Arg) in free form, at levels ranging from 0.04% (Trp) to 0.65% (Lys). These free AA may be more available for absorption in the duodenum compared with protein-bound AA but the information regarding the abundance of AA transporters in this intestinal segment is limited. On the other hand, all AA in the HP diet were present exclusively in the form of protein-bound AA. Therefore, the first objective of this study was to analyze the expression of AA transporters in the 3 intestinal segments of pigs and to determine whether free AA in the LPAA diet affect the expression of those transporter in each intestinal segment. Lysine and neutral AA transporters are of particular interest because Lys is the first limiting AA in most diets for pigs and neutral AA, especially Leu, interact with Lys for absorption.
Lysine is absorbed in the small intestine mostly by the cationic AA transporter b 0,+ (Broer, 2008) . This transporter is mainly expressed in the apical membrane of epithelial cells of several animal species (TorrasLlort et al., 2001) . It functions as antiporter exchanging Leu for Lys, so the absorption of Lys is coupled with the efflux of Leu (Pineda et al., 2004) . Recently, we reported that b 0,+ is highly expressed in the jejunum of growing pigs although excess Leu reduced its expression rate (García-Villalobos et al., 2012; Morales et al., 2013) . In the present experiment, b 0,+ was expressed in all intestinal segments of pigs fed either the LPAA or the HP diet. Wang et al. (2009) also reported the expression of b 0,+ in the duodenum, jejunum, and ileum of Tibetan pigs. We were particularly interested in knowing whether free and protein-bound AA differently affected the expression of b 0,+ in the duodenum, because 65% of Lys in the LPAA diet was in free form whereas the HP diet contained only protein-bound Lys. Hatzoglou et al. (2004) demonstrated that AA transporters are dependent on the presence of their substrates. Therefore, it was hypothesized that dietary free AA would have a stronger stimulation effect on b 0,+ expression in the duodenum than protein-bound AA. Indeed, the duodenal expression of b 0,+ was about 2-fold higher in pigs fed the LPAA diet compared with those fed the HP diet. Hence, these results suggest that dietary free Lys exerts a marked effect on b 0,+ expression compared with protein-bound AA and that the duodenal absorption of dietary free Lys may be greater than protein-bound Lys. The lack of expression difference in the jejunum between pigs fed the LPAA or the HP diet agrees with the results of Zhang et al. (2013) . On the other hand, the higher expression of b 0,+ in the jejunum of pigs fed the HP is in agreement with previous reports indicating that the jejunum is the main intestinal segment where most of AA absorption takes place (Silk et al., 1985) . Combined, these results suggest that the form in which Lys is included in the diet differentially affects the expression of b 0,+ in the small intestine, which in turn may affect the availability (serum concentration) of Lys. The y + L system mediates the transport of cationic AA (Lys, Arg, and ornithine) across the basolateral membrane of enterocytes (Broer, 2008) . This transporter exchanges cationic AA and large neutral AA, especially Leu, with high affinity (Pfeiffer et al., 1999) . There seems to be a complementary activity between y + L and b 0,+ in the process of bringing cationic AA from the intestinal lumen to circulating blood and tissues and to efflux neutral AA coming from blood in exchange for cationic AA. There are no available reports showing the expression of y + L in pigs. In the present experiment, the dietary treatment did not affect the expression of y + L in the duodenum and jejunum, but in the ileum, it tended to be lower in pigs fed the HP diet. There is no clear explanation for this differential expression. On the other hand, pigs fed the LPAA diet tended to express more y + L in the jejunum than in the duodenum, but in pigs fed the HP diet, y + L expression was higher in the jejunum compared with both the duodenum and the ileum. These results support the hypothesis that the form (free vs. protein bound) in which AA are included in the diet affects the expression site of y + L in growing pigs.
This differential response may be explained as a result of differences in availability of AA for absorption; free dietary AA are readily available whereas protein-bound AA have to be digested before being released from the dietary proteins.
System B 0 is the major transporter of neutral AA in the small intestine (Broer, 2008) . It is located exclusively in the apical membrane of the enterocyte and transports all neutral AA with high preference for Leu, Ile, Val, and Met (Reimer et al., 2000) . Expression of B 0 in the jejunum was not affected by supplemental branched-chain AA (Zhang et al., 2013) but analysis of the expression of B 0 in the duodenum and ileum has not been reported. In the present study, B 0 expression was not affected by the form in which AA were included in the diet in any of the small intestine segments. This lack of effect is attributed partially to the fact that the LPAA diet contained less than 20% of neutral AA as free AA, compared with Lys, which was mostly added in free form. Assuming normal Leu influx to the enterocyte across the apical membrane via B 0 and across the basolateral membrane through y+ L (Broer, 2008) , adequate intracellular contents of neutral AA would be expected, which in turn might help to sustain the intestinal absorption of cationic AA through b 0,+ . Expression of these AA transporters in the duodenum, jejunum, and ileum of pigs fed free AA supplemented diets suggests a dynamic flux of cationic and neutral AA across the apical and basolateral membranes of the enterocyte along the whole small intestine, which seems to be comparable to that in pigs fed the HP diet.
In mice, transporter B 0 is similarly expressed in all segments (duodenum, jejunum, and ileum) of the 1 Eight pigs per treatment were sacrificed at the end of the experiment. Pigs from LPAA+N were not sacrificed. small intestine (Romeo et al., 2006) , and in humans, B 0 expression increases from the duodenum to the ileum (Terada et al., 2005) . However, there is no available report regarding the expression pattern of B 0 in the different segments of small intestine of pigs. In the present study, although B 0 was expressed in the duodenum and ileum, its expression in the jejunum was substantially higher than in the other 2 intestinal segments. These data suggest differences in expression patterns between species and confirm reports indicating that the jejunum of pigs is the intestinal segment where the absorption of AA takes place. The concentration of free AA in serum from blood collected within the first 3 h postprandial reflects the AA composition of the diet consumed by pigs (Langer and Fuller, 2000; García-Villalobos et al., 2012) and the form (free vs. protein bound) in which AA are ingested with the diet (Yen et al., 2004) . In the present experiment, the total contents of Arg, His, Ile Leu, Phe, Thr, and Val were between 26 (Thr) and 95% (Arg) higher in the HP than in the LPAA diet. In agreement with those reports, the serum concentration of these AA fairly reflected the AA composition of the diets consumed by the pigs. The serum values of Arg, His, Ile Leu, Phe, Thr, and Val in pigs fed the HP diet were between 33 (Leu) and 94% (His) higher compared with those fed the LPAA diet. This response agrees with that reported by Zhang et al. (2013) . In contrast, the dietary total content of Lys was not different between the LPAA and HP diets, but the LPAA diet contained about 65% of Lys in free form whereas the HP contained this AA exclusively as protein-bound AA. Serum Lys in pigs fed the LPAA diet was about 63% higher; this difference corresponds to the greater expression of b 0,+ in the duodenum of the same pigs. The higher serum concentration of Met is also explained by the high content of free Met in the LPAA diet. Hence, these serum results of the present experiment indicate that 1) serum concentration of AA reflects dietary AA composition as well as the form (free vs. protein bound) in which AA are consumed and 2) it may reflect the differential abundance and activity of AA transporters located in each segment of the small intestine. Although the content of free Thr in the LPAA diet was also elevated, serum Thr was not different between pigs fed the LPAA or the HP diet, which is explained by the fact that Thr is mostly metabolized in the small intestine (Schaart et al., 2005) .
The second objective of the present study was to determine whether the performance of growing pigs fed the HP diet was not different from that of pigs fed the LPAA formulated on the basis of the ideal protein concept. Diets containing 2 or 4 percentage units (% units) of CP below the level that meets the requirement of Lys (first limiting AA), coupled with the supplementation of free l-Lys and l-Thr, do not affect pig performance (Tuitoek et al., 1997; Le Bellego et al., 2002) . However, reduced performance and thicker back fat have been reported when CP was reduced by 4 or more % units in corn-or sorghum-SBM diets (Tuitoek et al., 1997; Kerr and Easter, 1995; Guay et al., 2006) . The energy system (ME vs. NE) used for diet formulation (Noblet et al., 1994) , energy content (Kerr et al., 2003) , AA profile, and restricted vs. ad libitum feed intake (Yen et al., 2004 ) are believed to be responsible for that poor performance. In the present experiment, the pigs were fed ad libitum, all diets were formulated using NE values, and the essential AA:Lys ratio in the LPAA diet, except for Arg, was balanced according to the ideal protein concept (NRC, 2012) . Reducing the CP content by around 6 (MPAA) and 8 (LPAA) % units in the present experiment did not affect ADG, ADFI, and G:F of growing pigs; carcass composition and protein accretion was not affected either. In agreement, Kerr et al. (2003) reported no differences in ADG and carcass composition between pigs fed high-protein or low-protein diets with similar NE content. Similar performance response was also reported by Yi et al. (2010) . The differential availability (serum concentration) between free and proteinbound AA in pigs fed low-protein, AA-supplemented diets also seems to explain the poor performance response previously reported. Free AA appear faster in portal blood than protein-bound AA when pigs are fed once daily (Yen et al., 2004) . Therefore, the differential absorption rates between free and protein-bound AA may induce oxidation (Rerat et al., 1992) and reduce the availability of the former when pigs are fed once a day (Yen et al., 2004) but not when pigs are fed ad libitum. The discrepancy between our results and those of Guay et al. (2006) , who reported poor performance of pigs fed diets with 6% units of CP below the control, may be attributed to the fact that those pigs were fed twice a day. Hence, the AA serum concentration, performance, and carcass composition data of our study indicate that pigs fed ad libitum can use low-CP, AA-supplemented diets as efficiently as those fed high-protein diet. The composition of diets affects the weight of some organs of the gastrointestinal tract of pigs (Yen, 1997) . In the present experiment, the weight of large intestine and kidney of pigs fed the HP diet was about 43 and 21%, respectively, higher than in those fed the LPAA diet. Similar results were reported by Nieto et al. (2003) in Iberian pigs fed diets ranging in CP levels from 10 to 22%. The higher weight of kidney in pigs fed the HP diet may indicate an increased renal activity to eliminate the excess AA consumed with this diet; pigs fed the HP diet consume about 60% excess N (NRC, 2012). These results may suggest that the higher live BW gain observed in pigs fed HP diets, compared with low-CP AA-supplemented diets, are partially explained by the higher weight of those organs. Table 9 . Postprandial serum concentrations (mg/100 mL) of free AA in growing pigs fed a low- The total requirement of SID nonessential N for growing pigs is 2.11% (NRC, 2012) . The HP diet used in the present experiment contained 2.51% SID nonessential N, exceeding the NRC (2012) recommendation by 16%, but the LPAA diet barely met the recommendation (2.20%). Also, certain nonessential AA such as Gly seem to be required when corn-SBM diets are formulated with high levels of free AA to the optimal ratio for the first 5 limiting AA (Kendall et al., 2004) . It was speculated that supplementing Gly in the LPAA diet, which increased the SID nonessential N content by about 16% in the LPAA+N diet, could improve the performance of pigs. However, there were no differences in ADG, ADFI, or G:F between pigs fed either the LPAA or the LPAA+N diets; furthermore, the performance of pigs fed these diets did not differ with that of pigs fed the MPAA or even the HP diet. Diets formulated with total Lys:CP ratio not higher than 7.1% are reported to supply sufficient nonessential N for growing pigs (Ratliff et al., 2005) . The LPAA diet in the present study had a total Lys:CP ratio of 7.0, suggesting that sufficient N was supplied. The content of nonessential N and Gly in wheat is about 25% higher as compared with corn (Lin et al., 1987) , which may explain the lack of response to Gly addition to the LPAA diet. Therefore, these results may indicate that the wheat-SBM LPAA diet used in the present experiment supplied sufficient SID nonessential N and Gly for pigs within a weight range of 24 to 40 kg.
In summary, free AA in the LPAA diet increased the expression of the cationic AA transporter b 0,+ in the duodenum but had no effect on the expression of y + L or the neutral AA transporter B 0 in any of the intestinal segments. The expression of all AA transporters was higher in the jejunum of pigs fed the HP and that of y + L and B 0 of pigs fed the LPAA diet; however, b 0,+ expression in the duodenum was not different from that in the jejunum of pigs fed the LPAA diet. The serum concentration of Lys and Met, which were added in free form at significantly high levels, was higher in pigs fed the LPAA diet, but the remaining essential AA were more concentrated in serum of pigs fed the HP diet. Nevertheless, pig performance and carcass composition were not affected by the dietary treatments. It appears that pigs fed low-CP diets supplemented with high levels of free Lys make certain physiological adjustments that modify its absorption pattern. In conclusion, adding free AA to low-protein diets appears to affect the expression of the cationic AA transporter b 0,+ in the duodenum and the serum concentration of the first limiting AA. It is also concluded that the dietary CP content can be substantially reduced (up to 8% units) without affecting the performance and carcass composition of growing pigs fed ad libitum wheat-SBM diets formulated with the use of the NE system and the ideal protein concept.
LITERATURE CITED
